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INTRODUCTIO:X:

fhe general objective of the work reported here was to apply
the Electron Paramagnetic Resonance (EPR) technique to the charac-
terization and monitoring of impurities and dopants in silicon
detector materials. The investigations were conducted in coopera-
tion with Dr. Patrick M. Hemenger of the Air Force Materials
Laboratory (AFML)/LPO, who supplied all of the samples measured.
Results have been coordinated with him anc his colleagues.

Silicon is the focus of the detector materials program. The
anticipated requirement for large detector zrrays makes it desir-

able to apply the extensive technology of semiconductor devices

to the infrared detector effort. The generzl objective for this
work is to develop detectors for the 1 to 25 micrometer range.

Pure silicon is limited in its response tc wavelengths cf 1.1

micrometers or less. In order to extend this range, impurity

atoms must be incorporated into the silicen. Current dopants of
interest include indium-doped silicon for response in the range

of 3-5 micrometers and gallium-doped silicon for the 8-14 micro-
meter range. These extrinsic detectors mey be used in a monolithic
integrated circuit technology. The requirement that the detector
array have a uniform ability to detect anc respond from element {
to element dictates impurity uniformit:r and the precise control

]
of defects. Dopant concentrations range from 1016 to 1017 per

cubic centimeter, and impurity concentrations are as low as 1012

per cubic centimeter. This requires careful materials character-

ization. AIR FORCE OFYICE OF SCIENTIFIC RESEARCH (A¥SC)

NOTICE OF TRANSMITITAL T0 DDC

This techpical roport has been reviewed and is
approved for pudlic release IAN AIR 190-18 (7b).
Distribution 48 unlimited,
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The doping of silicon is achieved by introduction during
growth, by thermally controlled diffusion, or by ion implantation.
The electrical properties, the time response of the device, its
operating temperature, and its optical sensitivity are affected
by the presence of impurities. To optimize these characteristics
of the detector, careful measurements of optical and electrical
properties must be made as a function of temperature. Optical
properties of interest include spectral absorption, photolumin-
escence, and photoconductivity. The electrical transport proper-
ties, primarily resistivity and Hall effect, are the responsi-
bility of Dr. Hemenger. With these measurements various detector
materials are characterized, including the influence of processing
methods such as thermal treatment, ion implantation, or transmuta-
tion doping.

The performance of silicon infrared detectors is dependent
on starting material quality. The degree of purity of the crvstal
depends on the method of growth. The work summarized in this report
includes samples grown by the Czochralski method in quartz crucibles
and by vacuum multiple float zoning. The float zoning method in
general is more attractive because of lower impurity concentratioms.

Undesired and often unknown defects have a negative effect on
the properites of detectors. These often result from crystal growth
or detector fabrication. Heat treatment during processing of the
detector, 6r annealing of ion-implanted or neutron-transmuted mate-
rial may cause a redistribution of necessary dopants, or may intro-
duce unknown and undesired centers. The EPR technique has been
employed1 in the identification of various defects in silicon,

and thus its use in this project.




EXPERIMENTAL
In this study a total of 55 silicon samples were investigated
via EPR measurements. Included were crystals doped with Boronm,
Gallium, or Indium, as well as some without intentional doping.
Some were electron irradiated; some were annealed. Details follow.

1. Samples

In Table 1 is given a listing of the samples examined, along
with intentional dopants and treatments. All were single crystals
in wafer form in the neighborhood of half a millimeter thick. Con-
centrations were inferred from Irvin's p-type resistivity curve.

2. Ecuipment

The device that was used in the study is a modified form of
the Varian Associates Model 4500 series EPR Spectrometer. This
x-band spectrometer operates at about 9.5 Gigahertz, or about 9.2
Gigahertz with a quartz dewar inserted. The external magnetic
field for the Zeeman splitting is provided by a Varian 12-inch regu-
lated and water-cooled magnet with field scanning provisicas. The
microwaves are produced by a klystron, are distributed by a micro-
wave bridge, and are detected by a crystal detector. The original
hybrid tee bridge has been replaced by a more efficient three-port-
circulator arrangement. The klystron is stabilized with automatic
frequency control. The spectrometer currently operates in the
absorption mode.

This spectrometer has a 100 kilohertz crystal controlled oscil-
lator which generates the field modulation frequency, and a high

gain amplifier and phase detector for detection of the EPR signal.
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Table 1 SAMPLES EXAMINED

SAMPLE AIR FORCE MATERIALS DOPANT AS GROWN ELECTRON ISOCHRONAL ISOTHERMAL
NUMBER LABORATORY NUMBER MEASUREMENT JTRRADIATION ANNEAL
1 3605 - x
2 3605 - x
3 G2-185 in x x
4 DC 002-#18 In x
5 GZ 163-26 In x
6 001-005-%xxx In x
7 W=-NTD P x
8 0C1-011-WG 004 #60 In X
9 W-NTD P x
10 W=NTD P x
11 001-01 ] —xxxx P x
12 034-131-0046 Ca x
13 050-155-0044 In x x
14 050-151-0045 In x
15 0024.5 In x
16 0023.5 In x
17 032-119-0098 B x
18 3605 - x N )
19 3605 - x x\
20 NTD-2 P x x
21 011-219-0245 In x x x
22 011-219-0246 In x x x
23 011-223-0247 In x x x
24 011-223-0248 In x x %
25 011-224-0249 In x x x
26 011-224-0250 In x x x
27 011-228-0251 In x x x
28 011-228-0252 In x x x
29 011-228-0253 In x x
30 011-223-0247 In x
31 131-368-0412 Ga x x
32 132-369-0413 Ga x
33 133-370-0414 Ga x
34 130-365-0415 B x
35 130-366-0416 B x
36 130-367-0417 B x x
37 129-362-0418 B x
38 129-363-0419 B x x
39 129-364~0420 B x
40 3605 - x
41 NTD=-2 P x
42 001-009-0411 In,B x
43 3695 - x x
4’ 3605 - x x
45 034-131-0478 Ga x
46 1202 - x x
47 1202 - x
48 4802-3 - x x
49 4802-3 - x
50 032-119=-xxxx B x x
s1 032-119=xxxx B x
52 032=119=-xxxx B x
53 011-223-0248 In x
54 032-199=xxxx B x
55 032-199-xxxx B x
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Without signal averaging the spectrometer can detect 1012 + 25% spins.
Due to the weak intensity of the EPR lines cobserved in silicon, a

signal averaging technique was employed. Two units have been used:

a Varian C-1024 Time Averaging Computer, and a Tracor Northern TN-1710.

Both yielded spectra with adequate signal-to-noise ratios.

3. Treatments

In this study some samples were electron irradiated. The
irradiations were done at room temperature on a 1 MeV Van de Graaff
accelerator with electron fluences ranging from 1015 to 1017 elec-
trons per square centimeter., The samples were exposed from both
sides of the wafer. All irradiated samples were maintained at
liquid nitrogen temperature until the first EPR measurements.

Many of the samples were annealed., The heat treatment was done
in a Blue M Stabil-Glow tube furnace with temperature control. The
samples were on a quartz boat in a quartz tube and were bathed in
an argon atmosphere during heating and cocling. The samples were
sancwiched between ultra-high purity silicon wafers during treatment.
The furnace was brought to temperature before the boat was inserted.
At the end of the anneal time, the boat was quickly pulled to the
end of the quartz tube and kept in the argon atmosphere until its
return to room temperature, All samples were given an RCA wash
cycle before each anneal and were measured by EPR just afterwards.

When isochronal anneals were done, the time at temperature was
one-half hour and the temperatures range in 100 degrees steps from

250°C to 750°C or 1050°C. The isothermal anneals were performed at

550°C for total times ranging from one-half hour to 16 hours.
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4, Measurements

For the EPR measurements signal averaging was employed. Typi-
cally 25 sweeps produced a useful spectrum. For magnetic field
calibration and intensity calibration, a manganese marker was per-
manently Installed in the EPR cavity. The marker emploved was j
forsterite, a material characterized2 earlier by the principal in-

vestigator. 1Its location in the cavity was such that its phase

was cppcsite to that of the sample, making differentiation easy.

R L ol gty

The marker has a six line hyperfine spectrum which spané some 435

gauss centered near g = 2. Lines three and four were used for g-

3 value measurements, and intensity measurements were made relative

line three.

: Both g-value and intensity calibrations were made relative to
a standarc reference of 0.00033% pitch in KC1.

! 5. HKelatred Measurements

At ATV Dr. Hemenger and his colleagues are involved with
measurerents of Hall effect, resistivity, spectral absorption,
photclurinescence, and photoconductivity, Where possible, the EPR
measurerents were coordinated with the above, mostly Hall effect
and resistivity,

OBSERVATIONS

The thrust of this project was divided into two parts, one

specific project and a second more general one. The first was a

study of indium-doped silicon and was an attempt to aid in the

N e o

understanding cf the so-called "X-level." This understanding is
very important to the development of detectors for the 3-5 micrometer
range. The second part was a more general study of defects in

silicon detector materials using Electron Paramagnetic Resonance.__ 1
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1. Si:In X-level

The study of indium-doped silicon for use as a detector in

the 3-5 micrometer range has led to an interesting puzzle, the
identity of the "X-level." A new acceptor level located at

0.111 + 0.002 eV from the valence band has been observed3 in
indium-doped silicon. It is believed to be in all Si:In samples
except when masked by overcompensation. The existence of this

level with an ionization energy significantly less than that of

In, 0.156 eV, reduces the maximum temperature for background-limited
performance. The usual method of eliminating the effect on low
temperature behavior by cvercompensating the shallow impurity center
is undesirable here due to the degradation in photoconductive pro-
perties that would result. Identification of and control of this
defect is obviously needed.

In order to explore this problem an EPR study was initiated in
cooperation with Dr. Hermenger and his colleagues. It was a coordin-
ated effort that combinec EPR, Hall effect, photoluminescence, ab-
sorption, and photoconductivity measurements to study the effect

of electron irradiatien cn In-doped silicon., Samples of Si:In and

wafers of high purity silicon were used. The experimental samples

included eight EPR sarmples, four Hall samples (van der Pauw con-

figurations also used for photoconductivity), four luminescence

samples, and two absorption samples. All of the Si:In samples were

cut from the same boule.
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7o achieve a variation in the measured concentration of the
¥-level defect, the technique of electron irradiation was used.
Four fluences of electrons were used to seek a relationship between
the concentration of X and the fluence. Isochronal annealing of
the samples followed the irradiations.

Electron irradiation of Si:In has been observed4’5’6

to

change the apparent concentrations of residual impurities, as
measured by Hall effect, as well as the concentration of the major
dopant. This combined study was initiated to extend thése findings.
Since the time frame available for the EPR studv was considerably
shorter than that for the rest of the studv, two sets of EPR samples
were irradiated. One set was annealed immediately, while the other
set have been annealed along with the samples for the other measure-
ments. As of this writing, that set of anneals has progressed to
550°C. Both sets of anneals were done in an identical fashion.

The first set of samples have been through two complete anneal

cycles, and a control sample through a third. These results are

: i sumrarized in two papers that have been presented and which are i
reproduced in Appendices A and B. The data does not suggest obser-

vatior of the x-level, but at least two other possibilities are

. e < —— ———
S e A —y— 4

‘ identified in the Appendix B paper. They are an aluminum-inter-
stitial/aluminum-substitutional complex (G-20 spectrum) and a Pl-
center, a pentavacancy cluster. Also there is some evidence of a
line corresponding to dangling bonds. It is useful to note that,

where the transport studies have been completed, it was necessary

to include an aluminum impurity to fit the data. Also it should be
noted that ordinarily EPR spectra is not observed from acceptor do-

pants in silicon in the absence of externally applied stress.

: [ E e L s LT IR e B AR S .;,’....,,...., w2 pre——— : ,
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At this point in time it is not possible from EPR alone tc

identify clearly the centexr or centers responsible for the ob-
served spectra in electron~irradiated Si:In. Confirmation awaits

completion of the transport work at AFML. Interaction will continue.

2, Silicon Defects

EPR studies in silicon damage have been particularly success-

ful, as demonstrated by the early series of papers7’8'9’lo’11

12,13,14

by

Watxins and co-workers. Various reviews of the subject
have appeared over the years.

Ion implantation is a useful technique for introducing dopants
into the silicon crystzl. In the process, ions of a particular
impurity element, such as boron or phosphorus, are shot from an
accelerator into a crystal such as silicon. The choice of the
injecting energv determines the cepth to which the silicon is doped.
However, two major problems limit the desirability of ion implan-
taticn. The bombardment wicth high-energyv ions disrupts the orcderly
arangement of the crystal lzttice giving much surface damage. In
addédition the ions do nct all settle in substitutional lattice sites
to Decome donors or acceptors. This damage lends itself tc study
by ZPFR.

Several boron-implantec silicon samples were examined along

with some conventionally coped Si:3, Significant differences in

spectra were not observed either in the as-grown state or after

Details are given later in this section.

annecling.

A useful process for donor doping is neutron transmutation
31

doring. The process is based on converting 3051 to “"Si by an

31gy

(n, ) reaction via thermzl neutrons from a reactor. The
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decays by negative beta decay to 31

P, the impurit. sought. The
donors produced are distributed uniformly throughout the lattice.
Also the rate of production of dopant can be carefully controlled.
These two major advantages of neutron transmutation doping are
offset somewhat by the radiation damage effects that occur during
the radiation. Several neutron transmutation dopel sampl.es were
examined during this stucy. The details on one of them zre given
in the paper in Appendix C.
a) Dopant Survey

The main thrust of this part of the studv included & survey
of samples with a variety of dopants. They includec two boron,
one implanted and one conventional, one gallium, cne indium, one
phosphorous via neutron transmutation doping, and one undoped
sample. The details of the as-grown measurements and the iso-
chronal annealing studies are given in the paper reproduced in
Appendix C. There it is cliear that the four accep:or-doped samples
all have a line near the g-value for dangling bonds before anneal.
After anneal, each has a line, or lines, with lower g-values; in
fact, these values are necr that of the neutron transmutation
dopec sample. The uncoped sample showed no line in the as-grown
state, but acquired a line with the lower g-value upon anneal
in 100°C steps. However, for comparison, another piece of the
same wafer of uncdoped material treated onlyv to one half-hour
anneal at 550°C, exhibited no line afterwards. This same result
was repeated later with another pair of samples from the same

wafer.

10
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In that paper the change in magnetic field location of the
observed line and hence the inverse change in g-value is detailed.
There it is concluded that the most likely sources of the line,
:' or lines, are dangling bonds and the Pl, or pentavacancv, center.
b) Boron Concentration Study

Since significant boron impurity concentrations are present
in most silicon detector materials, a more detailed Investigation
of Si:B was undertaken. Three samples from each of thrée boules
with different boron dopant concentrations were used. Zach was
measured in the as-grown condition. From each trio, one was
annealed isochronally and another isothermally,

The as-grown samples each exhibited a line with a g-value of
2.0059 + 0.0002. The relative intensityv of the line decreased
slightly as the boron concentration increased. (For concentrations
per cm® of 6.5 x 104, 3.0 x 1012, and 5.3 x 10%7, the relative
intensities were 1.00, .73, and .51). During the isochronazl anneal- {
ing treatment, the shift in magnetic field location of the line

was monitored, TFor the three concentrations, this information is

5
b4

o

B R 2 Tt SRTE

plotted in Figure 1. Notice that the increase in field locetion
(as measured from the third line of the manganese marker), and
ccrresponding reduction in g-value, is almost identiczl for the
two lower concentration samples. The change is much less orderly
for the higher concentration sample. There is, however, a rather

common lower limit on g for the three around 2.0024, corresponding

: to the maximum g-shift on each graph.

For contrast to the above temperature variation of g, an

i ) isothermal anneal was conducted at 550°C, where many of the intensity
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vs, termperature curves peaked. These results for the three con-

centrations are shown in Figure 2. The curves for the three

concentrations are quite similar, each starting at about g = 2.0059

and saturating around g = 2.0025. Each curve had saturated after
a total anneal time of two hours. The intensity of the line
during this isothermal anneal.varied in a strange way. As seen
igure 3, it increased rapidly during t-e first hour, then
crorped ebruptly thereafter. It appearc tha:t the defect respon-
sible for the line grew as some other defezt annealed out, and
then rapidly annealed out itself.

The shift in g-value in these samples appears to support the
theory that there are at least two lines present, and that their
relative intensities vary, shifting dominence from one to the
other upon treatment,
¢) Gallium Concentration Study

Due to the desirability of gallium dosing for extending the
infrared detection range, a similar study was initiated for Si:Ga.
Samples with four different gallium concentrations were used and
compared to some unccped silicon samcles. Similar to the Si:B
samples, a line was observed in each in the as-grown condition.

(For ccncentrations per cm3 of 8.0 x 1014, 1.7 x 1015, 6.0 x 1015,

17

ané 1.5 »x 1077, the relative intensities were 1.00, .66, .87, and

- -

1.45). During isochronal anneal. the in<tensities presented In

Figure 4 were observed. The data nicely £fits a quadratic expressicn.

For the same crystal the g-shift was monitcred as reported in
Figure 5. 1Its shape is very similar to that of the high concen-
tration Si:B. It also shifts from some 2.0052 as grown to a
saturated value around 2,0024. This also suggests at least two

lines,

13
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or comparison an unccopecd silicon sample was isochronally
annec_ed in a similar manner. Its graph, plotted in Figure 6,
is quite similar to that of Si:Ga. It also can be fit to a
quadratic, While its shape is quite similar, its maximum height
is just about half of that of Si:Ga. For the undoped crystal,
the g-value was also monitored during the ischronal anneal. As
shown in Figure 7, it is quite similar to Si:Ga. 1In order to gain
more information on the shift from "high" g to "low'" g, an iso-
thermzl anneal was conducted on this sample. The resulf, shovm
in Figure 8, is very similar to earlier plots, with the g down-
shift occuring in the first half-hour. Once again, there is strong
evidence for at least two lines due to two defects, with the
relative intensities varying independently with treatment.
d) urvey of g-values

Trom the variety of measurements made and reported in this
repor:, a general pattern has emerged with respect to g-values.
It appears to hold in over ninty-five per cent of the g-value
measuredients. A variety of values is listed in Table 2, where
all measurements taken from 250 gauss sweeps are reported. Many
other measurements were also taken on 100 gauss sweeps. However,
these are not as accurate, although there is good general agreement
with those listed in Table 2. From that table it is obvious that
almos: all as-grown measurements yield a g-value near 2.0059. On

the other hand, samples that have been electron irradiated, neutron

bombarded, or heat treated, have lower g-values, mostly near 2.002%,

It appears that there are at least two lines, on with "high"
g-value and the other with "low" g-value, corresponding to the

two extremes. Intermediate g-values probably result from a mixture
when the two intensities are similar and the lines not properly

resolved.

18
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Table 2 SELECTED C~%

TEMPEKATURE
DOPANT (°c)
In 550
in 650
In 750
Ga 0
In 550
In 650
In 750
- 750
- 550
- 650
P 550
P 650
P 750
P 750
In 750
In 750
In 550
In 650
In 750
Ga 0
Ca 550
Ga 750
B 0
B 550
B 750
B 0
B 0
B 55¢
B 750
In,B 0
- 750

PR e

vav vreeg]
VoA s

TIME
(MINUTES)

30
30
30
0
30
30
30
30
kI
30
30
30
30
30
30
30
30
30
30
0
30
30
0
30
30

30
30

30

o O 0o O © o ©O

G-VALUE

(£0.00G2)

2.0028
2,0032
2.0027
2.006)
2.0029
2.0326
2.0024
2.0032
. 2.0028
2.0036
2,0027
2,0026
2.0037
2.,0033
2.0039
2.0045
2.0029
2.0030
2.0023
2.0060
2.0032
2.002¢8
2.0062
2.0025
2.0020
2,0061
2.0052
2.0027
2.0023
2.005¢9
2,0047
2.0060
2.0057
2,0040
2,0024
2.0036
2,0057
2.0076
2.0036




SUMMARY
All of the eQidence gathered in this project pcints to a
conclusion that at least two, and pcssibly more, rcom temperature
EPR lines of very low intensity are observed in silicon. In the
as-grown samples g = 2.0059; after electron or neutreon irradiation
or annealing treatments, a line with zbout g = 2.0024 grows to a

large intensity around 550°C. The line in the virgin material

(8N

appears in boron, gallium, or indium cdoped meateriel cr in undepe
material. Since the g-value is essentielly the same in ali, this
suggests some inherent defect in silicon such as cdengling bonds.

15,16

Reports of such observations have been made recentlwy.

7 18 . c s . . .
1 and neutron 8 irradiation introcuce & varietv of

Electron
defects. Some that are important from 150 to 333°C are the
phosphorus/vacancy complex (E-center), the oxygen/vacarcy complex
(A-center), and the divacancy. Others include G-20 and P-.

lG
,” end the transport

1

Aluminum complexes are an attractive possibilitw
studies done in cooperation with this project are ccnsistent with
that possibilitv.

From this study one can tell the generzsl tvpes of defects to
5e found in silicon detector materials. It is rnow clear trat a
more sophisticated approach to spectral analvsis is needed. perhaps
computer simulated spectra. Such a studv alcnz with the future
results of the transport and optical studies in progress at

ATML could lead to precise determinazior of the defects involved.
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PRESENTATIONS

The Electromagnetic aterials Division of the Air Force
Haterials Laboratory has & lLaser ancd Optical llaterials Eranch.
This bdranch hacs an infrarecd detectors project via WUD:#:-§.
Juring the course of this oroject the Principal Investigator
regularly acttendec the mon:thlwv WUD meeting. On four occasions
he gave that group presentations on this work.

-~ .«

c this point ir time, three papers on this wcrk nzve been

clety. Two more are plannec Zor this Fall. The first three

P

anc re

[aN

are reproguce

th

1

in Appencices £, t, anc . The

0N,

€T

n.ce

{

remaining twe are outlinec i

3

the text. The tizles are:

1) "An EPR Study of Electron-irradiated Indium-dopeé Silicon.”

(Appencix A).

2) "An Annealing Study of Incium-doped Siliccn efter Zlectron
‘rradiation." (Appencix B).

3) "EPR Yeasurements in S:ilicon Doped with Eorcen, Geliliuxm, or
Indium Acceptors.' (sppendix C).

4L, "aAn Annealing Study of Zoron-doped Silicon wvie EFR"

(Observations, Section 2t).

S. "EPR in Silicon a&s a Function of Dopant Gallium Corcentration.”

(Observations, Section Ic).

It is anticipated tha:z zhe entire project will be surmarized

in a later journal article.

- - -
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Reference: Bulletin of the American Phvsical Societv 25, 461 (1980)

An EPR Studvy of Electron-irradi

gted Indium-doped

-

rvsics Deczrtment znc S,R, SMITE, Uziv. of Zavion Re-

Silicon.* J.N. MEDZRT and G,K. MINZR, Univ., ¢Z Davton
-

sezrch Institute,--We present & prelizimery repert cof

electron paramagnetic Tesonance measturedents on 1 MeVl
electron~-irracdizted iniium-doped silicen. TFour fluences
ranging frex 10’ to 10'7 electreas per sguare centimeter
were enploved. A resonznce line near g=: cbserved &t
rocx tecperature and &t 77 K in unirradizted samples was
zltered in intensity by electron bombardment. Some
pessible models will be examined.

*Supported in part by USAF 0ffice of Scientific Research
ané USAT Mzterials laboratory.
+NST Undergraduate Research Participant.,
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"An EPR Study of Electron-irrzdiated Indium-doped Silicon"

We would like to presen:t preliminary results of electron paramagnetic
resonance (or EPR) measurements on one-MeV electron irradiated indium-
doped silicon. The experiment was initiated because of reports by
Swaminathan, Lang, Hemenger and Smith that the transport properties
of indium-~doped silicon were zltered by electron irradiation. In their
work they reported the observance of an unkrown level, also seen by
others, and generally referrec to as the x-level. That group and other
coworkers have now set out to perform additional measurements that
include optical and transport studies. The present EPR study is coor-
dinated with these experiments.

All the samples investigated in these experiments were cut from
a single boule of Float-zone indium-doped silicon. The EPR samples were
cut into wafers about one-half of a millimeter thick and had a mass in
the neighborhood of 50 milligrams. A total of ten samples were studied.

D
The treatment of the samples iIs shown in the first slide. Two each

were irradiated at each of four electron fluences ranging from 1016 to ;

1017 electrons per square centimeter. The rermaining two samples served
as controls, one of which has annealed with the Irradiated samples.
The irradiations were done cn a 1 MeV Van de Grzaff accelerator with the
samples exposed from both sides of the wafer. 411 irradiated samples
were maintained at liquid nitrogen temperature until the first EPR
measurements,

The samples were orientec so that the [}od - direction was along

the magnetic field. The spectrometer used was an x-band Varian Model

4500 Series. Due to the weakness of the signals at room temperature and
at liquid nitrogen temperature, signal averaging was emploved. Reasonable
signals for most samples were collected in 25 sweeps. For the measuring
of g-values and relative intensities, a manganese marker was permanently

2\
installed in the cavity. The next slide shows that its location




s

was such that the phase of its EPR line was opposite to that of the
unknowns. The marker has a line approximatelv 50 gauss down field from
the observed silicon line near g = 2 and was used for monitoring. The
separation in gauss between the reference line and the sample line
could be measured accurately. Also the height of the reference line
was used in the measure of relative intensitw.

The annealing was done in a furnace with temperature control
as shown in the next slid£3> The samples were on a quartz boat in a
quartz tube and were bathed in an argon atmosphere during heating and
cocling. The samples were sandwiched betweer ultra-high Bgfity

n

silicon wafers during anneal as pictured in the next slidey Only half
of the samples were annealed in the measurements reported here. Thev
included one from each electron fluence and cne control., Eight thirtv-
minute anneals were done starting at ZSOOC, end going in 100°C steps
to 950°C. The furnace was brought to temperzture before the sample boat
was inserted. At the end of the half-hour anneal the cuartz boat was
pullec to the end of the quartz tube and kept in the argon atmosphere
until its return to room temperature. All samples were given an RCA wash
cvcle before each anneal and were measured bv EPR just afterwards.

The results of the electron bombardment of two samples at each
16
o -

of four fluences is shown in the next slide. he vertical axis is the

ratio of the intensityv after irradiation so thet before for the silicon
line. The horizontal line near the center is unity, The fluence is

plotted on the horizontal axis. Notice the good agreement between

the two samples at each fluence. The samples with the lowest fluence
experienced approximately a fifty percent increase in intensitv. The
others all decreased in intensity, the largest change noted in the
second largest fluence samples. Each point represents averages of

from three to six independent measurements at room temperature,.




The irradiated samples were kept at 77°K until the first EPR measurements.
A series of measurements were made as a function of time for several
davs thereafter to check for anv room temperature annealing. No
svstematic variation was observed beyond the 177 experimental uncertainty
estimated for the relative intensity measurements. The same line was
examined at 77°K in several samples and the variation in_ jintensity as
a function of temperature is displayed in the next slidgg/ The intensity
at 77°K is about eight times that at 300°K. The variation of intensity

/
with temperature of anneal is shown in the next slide for the crvstal

: . - 1€ .
which received the smallest fluence of 10 electrons per square centi-

meter, and the one with largest increase in intensity during bombardment.

Note that the intensity increases to 550°C and then drops abruptly

above that temperature. The next slide is a compareble plot for the

16

sample with 5 x 10 electrons per square centimeter, and the one with

the largest decrease in intensity during bombardment. The shape of

this curve is similar with the large pezk at 550°C. The other samples,
including the annealed control, exhibit this peak at SSOOC, but the others
grow more slowly with temperature, as for example the control in the

o
next slidg?/ It was also observed that at higher anneal temperatures the

silicon line shifted to larger magnetic field values and thus lower

g-values. The shift in field location is rather uniigzm in some samples,
; 16 2 L L NS .
for example the 5 x 10 cm” sample in the next slide;”but not in others
i
. s N L
for example the control in the next slide. FEere one could suggest

that two different lines are observed at different temperatures.

The composite g-shift is similar to the control where it is difficult

to establish the pattern. Of course, there would be a pattern only if
the phenomenon is the same in all samples even though they had different

electron fluences.
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The primary defects produced by cne MeV electrons in silicon are
isolated vacancies and self-interstitials. However, at room temperature
these defects are very mobile and are probablyv not significant in cthese
measurements since the irradiations were perZormed at room temperzture.
The samples were immediately stored at 77°K uncil measurement, howvever,
the lack of change in the EPR spectru- as a function of time after
elevation back to 300°K confirms that these crirmary defects are no:
important. The dominant defects stable azfter rcom temperature irra-
diation are defect complexes which are produced when mobile primarv
defects are trapped by impurities and other cefects. Corbett has

cataloged well over one fifty such defects, =«

O
n

t with an EPR g-value
near 2. Thus unique identification is most cifficult., One possibility
suggested by the temperature dependence of the intensity is an
aluminum-interstitial/aluminum-substitutional complex reported bv
watkins. It is unique in that it is formed et about 500°C and annezls
away at about 600°C, just as most of the intensitv in our line, or lines,
does. Additional evidence for this defect ccmes from the fact tha: the
transport studies have suggested that ar aluminum impuritv is necessary
to explain the resistivityv and Hall effect dztz. However, additional
evidence will be required to verifv this tentative assignment.

This preliminary study has given us a general iIndication of what to
expect in electron irradiated silicon. £s we examine the second set

of samples via anneal, we will look cerefullv in the neighborhood

of 500°C for intensity changes, and look carefully at all temperatures
for shifts in the g-value. In addition we will attempt to correlate
our results with those on optical and transport properties. I would

like to acknowledge the support of the National Science Foundation

Undergraduate Research Participation Program., Thank you.
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v Abstract Subnpitted

f for the Spring Meeting of the ;

‘ American Physical Society ;
in Washington, DC _

L April 21 - 24, 1980 ]

S

Reference: Bulletin of the American Physical Society 25, 548 (1980)

An Annealing Study of Indium-doped Silicon after
Electron Irradiation,*GEORGE K, MINER, Universitv of
Davton.-~Indium=-doped silicon has been electron irradi-
ated in fluences ranging from 107%® to 10?7 electrons per
square centimeter. An electron paramagnetic resonance
line near g = 2 was observed at room temperature and at
77 K. The intensity of the line was altered by the
1 MeV~electron bombardment and by subsequent annealing.
These measurements will be reported and discussed in
light of possible models,

*Supported in part by USAF Office of Scientific Research
and USAF Materials Laboratory.
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"An Annealing Study of Indium-doped Silicon after

Electron bombardment."

There is much interest in the use of silicen in infrared detec-
tion. Generally it is desirable to develop cetectors for the 1 to
25 micrometer range. Pure silicon is limitecd in its response to
wavelengths of 1.1 micrometers or less. In crder to extend this
range, impuritv atoms must be incorporated iInto the silicon. Scme
dopants of interest include indium doped silicon for response in
the range 3 - 5 micrometers and gallium dcpecd silicon for the & -
14 micrometer range. These extrinsic detectors may be used in &
monolithic integrated circuit technology. The recuirement that
the detector array have a uniform ability tc detect and respond
from element to element dictates impurity uniformitv, and the pre-
cise control of defects. Dopant concentrations range frem lO1 to
1017 per cubic centimeter, and impurity concentrations are as low
as 1012 per cubic centimeter. This requires careful materials
characterization, hence the present work on indium-doped silicor.

I would like to present preliminaryv results of electron para-
magnetic resonance (or EPR) measurements on one-MeV electron irracdi-
ated incdium-doped silicon. The experiment was initiated because
of reports by Swaminathan, Lang, Hemenger ancd Smith that the trans-
port properties of indium-doped silicon were zltered bv electron
irradiation. In their work they reported the observance of an
unknown level, also seen by others, and generally referred to as
the x-level. That group and other coworkers have now set out tc

perform additional measurements that include optical and transport 4

studies. The present EPR stucdy is coordinated with these experiments.
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All the samples investigated in these experiments were cut from
a single boule of Float-zone indium~doped silicon. The EPR samples
were cut into wafers about one-half of a2 millimeter thick and had
a mass in the neighborhood of 50 milligrams. A total of ten samples
were studied. The treatment of the samples is shown in the first

—

slide~ Two each were irradiated at each of four electron fluences

16 to 1017 electrons per square centimeter. The

ranging from 10
remaining two samples served as controls, one of which was annealed
with the irradiated samples. The irradiations were done on a 1 MeV
Van de Graaff accelerator with the samples exposed from both sides

of the wafer. All irradiated samples were maintained at liquid
nitrogen temperature until the first EPR measurements,

The samples were oriented so that the [100]- direction was along
the magnetic field. The spectrometer used was an x-tand Varian Model
4500 Series. Due to the weakness of the signals at rcom temperature
and at liquid nitrogen temperature, signal averaging was employed.

Reasonable signals for most samples were collected in 25 sweeps.

For the measuring of g-values and relative intensities, a manganese

marker was permanently installed in the cavity. The next slideG;
shows that its location is such that the phase of its EPR line was
opposite to that of the unknowns. The marker has a line approxi-

mately 50 gauss down field from the observed silicon line near g = 2

and was used for monitoring. The separation in gauss between the

reference line and the sample line could be measured accurately.

Also the height of the reference line was used in the measure of

relative intensity.

The annealing was done in a furnace with temperature control i
=)

as shown in the next slide&i The samples were on a quartz boat in




a quartz tube and were bathed in an argon atmosphere during heating
and cocling. The samples were sandwiched between ultra-high purity
silicon wafers during anneal as pictured irn the next slider™ Only
half of the samples were annealed in the measurements reported
here. They included one from each electron fluence and one con-
trol. Nine thirty-minute anneals were done starting at 250°C and
going in 100°¢C steps to 1050°¢ during the first annealing cycle.
During later cycles this scheme was varied. The furnace was
brought to temperature before the sample boat was inserted. At
the end of the half-hour anneal the quartz boat was pulled to the
end cf the quartz tube and kept in the argon atmosphere until its
return to room temperature. All samples were given an RCA& wash
cycle before each anneal and were measured by EPR just afterwards.
The results of the electron bombardment of two samples at
each of four fluences is shown in the next slide:t The vertical
axis is the ratio of the silicon line intensitv after irradiation
to the intensity before irradiation. The horizontal line near
the center is unity., The fluence is plotted on the horizontal
axis. xNotice the good agreement between the two samples at each

fluence. The samples with the lowest fluence experienced approx-

imately a fifty percent increase in intensitv. The others all
decreased in intensity, the largest change ncted in the second

argest Ifluence samples., Each

’.. - )
‘0

oint represents an average of

from three to six independent measurements at room temperature.
The irradiated samples were kept at 77°K until the first EPR
measurements. A series of measurements were made as a function
of time for several days thereafter to check for any room tem-
perature annealing. No svstematic variation was observed

beyond the 177 experimental uncertainty estimated for the

%
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relative intensity measurements. The same line was examined at

--0: . . e s . :
77°K in several samples and the variation in iIntensity as a function

-

of temperature is displaved in the next slide.” The intensity at

77°K is about eight times that at 300°K. The variation of inten-

N

sitv with temperature of anneal is shown in the next slide for

. . . . 16
the crrystal which received the smallest fluence of 10 electrons

per square centimeter, the one with largest increase in intensity

during bombardment. Note that the intensity increases to 550°C and

then drcps abruptlv above that temperature. The next slide™ is com-

16

parable plot for the sample with 5 x 10 electrons per sguare

centimeter, and the one with the largest decrease in intensitv

during bombardment. The shape of this curve is similar with the
large peak at 550°C. The other samples, including the annealed
control, exhibit this peak at 550°C, but the others grow more slowly

. L] - \.{
with temperature, as for example the control in the next slidel”

Due to the observed increase and decrease in this line as
annezl temperature is increased, a second anneal cycle was run on
each crystal. For the 1016 per-square-cm sample, both anneal
cvcles are shown in the next slidef: Relative intensity is plotted
on the vertical and anneal temperature on the horizontal, and
repeated for the second cycle. Note that the peek near 500°C 1is
five-times more intense on the second cvcle. The same observation
is made in the 2-times-1016 per-square-cm sample. The sample with
5 x 1016 electrons per square cm is shown in the next slide where
the second cycle peak is larger only by a factor of 3. 1In the

1017 per-square-cm sample the factor is about one.




The control shown in the next slide shows a much reduced peak

in the second cycle, but a partial recovery in a third cvcle.

IR "R AR .

For comparison several other samples, both indium-doped and
relatively pure, were examined. They are icdentified in the next
slide;% The first two are from two other boules and the last three

, ? from a single boule. The next slide shows an anneal cycle for
each ¢f the indium-doped-but-not-electron-irradiated samples.
* They both show the line and the growth of its intensity near 500°¢.,

One of the undoped samples was taken through the anneal cvcle and

the results are given in the next slide;” The results are similar

to the other samples. However the other two undoped samples were
. o) .

taken directly to 550°C for a 30-minute anneal. In each of these

3 two samples the line had diseppeared after this anneal.
1 It was also observed that at higher anneal temperatures the
1 silicon line shifted to larger magnetic fieid values and thus

lower g-values, The shift in field locution is rather unifeorm

1 it
in some samplies, for example the 5 x LI~ ¢r” sample in the next
s-1cZe, tut not in others, for example r: conirel In the next

FRS N

tidev There one cculd sugegest that two different lines are

]
o

L}

observed at different temperztures.

The primary defects procuced by one eV electrens in silicer

are isolated vacancies andéd self-intersticizls, However, at roorm

temperature these defects are very mobile and are probablv not

IR

significant in these measurements since the irradiations were per- :
formed at room temperature. The samples were immediatelv stored
at 779K until measurement, however, the lack of change in the EPR

spectrum as a function of time after elevation back to 300°K con- !

firms that these primary defects are not important. The dominant

defects stable after room temperature irracdiation are defect i
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complexes which are produced when mobile primary defects are trapped
by impurities and other defects. Corbett has cataloged wel.l over

some fifty such defects, most with an EPR g-value near 2. Thus

Q.

uniique identification is most difficult. One possibilitv suggested
by the temperzture dependence of the intensity is an aluminum-
interstitial/zluminum-substitutional complex reported bv Watkins.
It is unique in that it is formed at about 500°C and anneals away

o] . . . . . .
at about 600°C, just as most of the intensity in our line, or lines,

does. Additicnal evidence for this defect comes from the fact

rt

at the

(8]
.

rznsport studies have suggestec that an aluminum impuricy
1¢ necessarr o explein the resistivity and Hall effect da:za.

L~
-~

~rcthe

4

pogsizility 1s the so-callcc

~O c

It grows adcve ~1l70°C following liberzzicn of vacancies frem P3-

\ o) . .
centers, The Pl-center anneals near 500 - 600°C, consistent with
the data. This preliminary study has given us a general indication
what to expect in electron irradiatec silicon. As we examine

~

tne second set of samples via anneal, we will look cerefully in

c

tre neilghborhocd of 537 °C for intensi:tv changes, &anc at zil temper-
atures Ifor shifcs in the g-~value, In adcdition we will at:temot to
correlate our results with those of the optical ancd transpcr:

properties. Thank you.




ey T T T O

CRYSTALS

ELECTRON FLLENCE
x 1008 /o

(R

\Uai

10

NONE

NONE

ENNEALED

YES

YES

YES

YES

NO

r e AR ) e




gg&agé |

TVINNY ), 0%
dMI/ZSNOULIITT 4 0Txy




3

SLIDE

Lno

jdnl

NOOYV

—

]

Z1L3vno

NI NOOYV
v
32V NYUDN A \L
MO19~-114dV LS =5 v
W 10714 L\

NOI[L1S0d 9NTT00D

3TdUWHVS

2




LS W A R .. |




ANEU\m_w.Hoﬁ.xv JINANTA .
01 C Z 1

'
[

SLIDE | 5 ‘

I
o
®

¢e
— @

0'T —

b

)

ALTSHIL

! i1 |

TR S5 W' a5 s T ¥ ot TS
- - -




SLIDE 6

|
@ -g
~~
h N4
.' q§¢
. e =
-» ~
F =
. p—
' <<
. o
"
€ o
=
()
[—
- =
—
@
:\
[
]
oo w =
1 ] 1 1 1 [

(SLIWD JATLVTIE) ALISNILNI




1048 ELECTROULS/CNM2

=
- e @ —
<
o= e
= - o —
<
S
sl |
= i
= ¢ é
- b .« . s
—
<< | ¢ ¢ ';
~ |
= | | ] | ] | ] | | !

25 250 150 650 850 1050

TEMPERATURE (°C)




WNT 15

MRBTITRARY

FHIENST Y

RELEATEVE

U T

SLIDE &
5x1016 FLECTRONS /(M2
¢ ¢
[
. —_
’ 1
_ . | %
e ¢ ]
¢ ]
| N NN NN N SN SN N
25 250 450 650 850 1050 |

TEMPERATURE (°¢C)




SLIDE 9
CONTROL

i
‘r
- ¢ —
L =
> — -—
=
_ i
- i
_ ‘.
= i
i = i —
i <l
- |
>
;
= ,'_ —
-
— !
!
|
¢ - — —
: = i !
- |
3 - |
| & < A
8 - ¢ [ [
H = 1 | 1 | ] &€ e & ¢ |

25 250 450 65¢C 850 1050
TEMPERATURE (°¢C)

b ’ I I - ICNCREER WA " S R Y T A N e
‘ —I
!
S DA 1 A O 0GP e oy LT e ————




(o)
—
u)
a
—
1

(0]

ddnLvaddudl

| ¢ ¢ L & |

m

.Nz.g\mzoz_um_-__‘m_i.A 01

e b el ———— e

[RPPFPREANUREY VRN R e R A

L Waege

MAkmis

v obu vk alpt B At it




—
—

-
-
—

SLID

049 oSy Use

0o

(),)

o

tdntivi

o4y 049

FdW 1

04

‘ —1— li.--!..:_ 1 o

04 /¢ Y7

i
-
i

—

(R |

& ]
pt3)

tx1

+—

R on o L e S el

~ .

R L s e I e




tpal e P

SLIDE 12

04 L
K3

T
o

(o)

085 ci \I!.L

ARKTR

oa’®

\.

JanLvyddidld

:.c_ c

S zo‘ 4

047 Y4

LABRZ I G

- e B W — —— ———

H(siiun

ANTLYT3d

-
-
-

- -
T |
- e Vg

)}

/

AEVeELIEETY) ALT S

L

© e AR A I IIRETRIY: 1 - s s



CRYSTAL

13

138

18

40

SLIDE 13

IDENTIFICATIQN

INDIUM DOPED
INDIUM DOPED
UNDOPED
UNDOPET

UNDOPETD




P i 5
2 . SR,

13

CRYSTAL

3

CRYSTAL

SLIDE 14 °

(SLINN

AdVY LT ayy)

ALTSNILNI

-

o

|

T
650

[
450

(" C)

650
TENMPERATURE

450

J
250

IATLYT3Y




19

CRYSTAL

_

1

|

N i

—

AdVAa LT ddy)

AL TSNALNI

TALtvV

A
(

!

(¥R
I~

50

2

LN
o




(GAUSS)

SHIFT

6

438

b4

5x101¢€

ELECTPORS/CHK?2

SLIDE 16

— —
©
L ~
® ®
®
e
e
¢
®
] ] | | l | 1 | |
25 250 450 550 850 1050
TERPERET UZ2E (°C




G Ll -7 e
. R ST AR >

ARG o Y

[ R
! D Wy g o

PV OR. PO P e
oo

© AL eask¥iiikintdaeh

/

SLIDE 1,

CONTROL

"

oL

- - Ill.!l.ln.l-i!.—..

S B

)
e

STV ) R T U I | BT




APPENDIX C

Abstract Submitted

for the Spring Meeting of the

Ohio Section of the American

Physical Society

May 9 - 10, 1980

Reference: Bulletin of the American Phvsical Societv 25, (1980)

EPR Measurements in Silicon Doped with Boron,
Gallium, or Indium Acceptors.* JOHN N. MEDER* AND
GEORGE K. MINER, Univ, of Davton.--We report electron
paramagnetic resonance measurements on silicon doped
with several acceptors. They include boron, gallium,
and indium, with the boron introduced both during
float-zoning and by implantation. A line near g = 2
was observed in each sample at room temperature and |
at liquid nitrogen temperature. The effects of various
heat treatments will be described and discussed.

¥
;
L
¥
4

| *Supported in part by USAF Office of Scientific Research

; and USAF Materials Laboratory.
+NSF Undergraduate Research Participant.




"EPR Measurements in Silicon Doped with Boronm,

Gallium, or Indium Acceptors"

First Slide (1). Silicon materials are used in a wide range

of applications. Included are uses as different as infrared de-
tection and solar collection. Since pure silicon material is
iimited in its response to wavelengths of 1.1 micrometer or less,
impurity atoms are normally introduced to extend the range. For
example, indium provides response in the 3-5 micrometef range and
gallium provides response in the 8-14 micrometer range. For use
in detector arrays, uniform detection ability is needed and thus
careful study of these materials is needed. We would like to
report preliminary electron paramagnetic resonance or (EPR)
measurements at room temperature on silicon prepared in four

different ways with acceptor dopants. These will be compared

with an undoped material and a donor doped material. A survey

of the materials studied is given in the next slide. (2)

All samples were oriented so that the [100]-direction was
parallel to the magnetic field. The spectrometer used was an

x-band Varian Model 4500 series. As the signals at room temper-

ature were weak, signal averaging was employed. All traces made
1 were the result of 25 sweeps.

For measuring the g-values and the relative intensities of
the sample, a permanent manganese marker was installed in the

cavity such that the phase of the signal from it was inverted

i to that of the sample. Manganese has a six line hyperfine spec-

! turm, the third and fourth of which appear in the next slide (3).

The separation of these two lines is 86.9 + 0.2 gauss. The

observed line of each sample was found 44 to 52 gauss up field
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from the third manganese line, near g = 2, and the exact location
of a particular line was also used as a reference in intensity
caiculations.

The annealing treatments were done in a Blue M Stable Glow

Furnace with temperature control, as shown in the next slide (4).

The samples were sandwiched between high purityv silicon wafers
anc¢ placed on a quartz boat. The boat rested in a quartz tube,
through which a slight overpressure cf argon gas flowed. Temper-
ature was monitored with a thermocouple placed bv the béat. The
qua~rtz tube extended bevond the furnace and had an opening at one
ené¢ so that the boat could be pulled out of the furnace to cool
quickly in the argon atmosphere

Samples with all six different dopants were annealed in 100°
steps from 250° to 750°C. All anneals lasted one-half hour.
Anneals up to 1050°C in 100°C increments, 250°C tc 750°C in a
second cvcle and a third cycle were done on the incium deped
meterial,

In this slide (5), the g-value for the observed sample line

for room temperature measurements is given for each of the samples.
Note the extreme similarity of the g-value for the four acceptor
dopants, crystals 1-4, No line was observed in the undoped crystal
at room temperature. The g-value for the donor was significantly

lower. This slide (6) shows the relative intensity, per unit mass,

of the six samples. Note that the donor sample (Phosphorous) was

considerably higher in intensity than the four acceptor doped samrles.
The following series of overheads shows the intensity results of

annealing studies on each of the six dopants. On the vertical axis

is the relative intensity, scaled to be maximum intensity observed

for that sample. This overhead (7) shows the annealing studies
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or beth boren dopecd samples, the becron-implanted data
stowm in triangies. Note the close correspordence of the

two sets of data. Also shown is a sample error range, at abou:
17%. A similar plot for the gallium dopec sample is shown in

this slide (8). The pattern is opposite oI the boron, increasing

up to 350°C and decreasing thereafter,

This slide (©) shows annealing treatments on indium doped

silicon, which as mentioned earlier, were much more extensive.

The annealing temperatures are plottec in the order in which thev
were done, that is the first cvcle, separered bv the slash, then

the second cvcle, separated bv a2 slash, then the third. Note

that the intensity in the line at 550°C ir the first cvcle is not
observed in the second cycle, and than thet intermediate intensities
are observed at all temperatures in the third.

This slide (10) shows a similar plot for the undoped samrle.

“ote that a line was observed after annealing at ZSOOC, and that
the intensity increased until 350°C and remesined fairly constant

thereafter. An identical crystal, annealed directly to 550°C

3

developed nc such line, as is plotted b the zriangles. This slide

Rel
3

(11) shows z similar plot for the donor dcpant (thosphcrous).

It also increased in intensity at the higher annealing temperatures.
The following three overheads present cata on the shifting

of the observed line in field position at different annealing

temperatures. Again, the temperature of znneal is plotted on the

horizontal axis. The g-shift is plotted on the vertical axis. It

is plotted as the number of gauss upfield from the 3rd manganese

line where the sample line was found. A shift in the sample line

to higher field was observed in all samples, but the increase

did not always occur in the same way.
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This slide (12) shows data for both boren doped cryvstals.

The line position remained fairly constant until the anneals at
o = cnO . .
«507C and 3507°C. Note again the close corresponcence between

these two samples. This slide (13) shows & cimiler plot for gallium,

. . . o o ~0
Here the increase occured during the 250°C and 257°C anneals

and leveled off at higher temperature anneals. This slide (14)

shows the data for phosphorous, and here most of the increase
in field position occured at lower temperature anneals, also.

Within experimental uncertainty,: the g-values of ail four
accepter crvstals at room temperature are the same. Hence it is
likelr chat the same defect in all four samples causes the ob-
served line. This would lead one to suspect the line is caused
by conduction electrons, although the known g-value is lower than
the g-value observed.

Another possibility is cangling bonds due to internal voids.
The known g-value of dangling bonds is slightlv Lower at 2.0355,
(vs 2.005%9) and the expected width of such a2 lire is 6-7 gauss,
which agrees verv well with cur data.

The g-values for the donor-doped silicen are much smaller, at
about 2.0026. This is fairly close to the g-value of the so-called
Pl center, a pentavacancy cluster at 2.0020. Pl grows above about
170°¢ following the liberation of vacancies from the P-3 centers.
The Pl center anneals out at about 500°C - 600°C. This is consis-
tent with our data.

Annealing of acceptors in general lowered g down to the donor
level value. This was very similar to the shift in the line during
anneals of electron-irradiated, indium doped silicon, which was
examined in an earlier study. There the line shifted from g = 2.0058

to g = 2.0026.

IR,
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& great many defects in silicon have been observed; for example
Corbett has identified over 50 such defects, rmost near g = 2.
This makes identification of a line in this range difficult, urther

annea.s on these samples and annealing experiments on other silicon

i

samples will be done to investigate further the above possibilities.

Thank you.
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"EPR MeasuremMenTs IN  Siticon  DoPED  WITH

Boron, GarLiwv or  Inpium  AccepTors”
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SLIDE 2
|

SILICON SAMPLES

CrysTAL  DoPANT PREPARATION

1 Boron IMPLANTED THEN  FLOAT-ZONED

2 Boron DiBoraNE  GAs  DuwriNe  FLOAT-ZONING
3 GALLIWM FLOAT-ZONED

4 IND1uM FLOAT-ZONED

5 NonEe FLOAT-ZONED

) ProspHorus  (DonoRr) NeuTRoN  TRansMUTATION  DoPED
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CrysTAL  Dopant
B (IMPLANTED)

B

Ga

IN

NONE

2,0060
2,0058
2,0059

2,008

2,0026

1+

1+

1+

1+

I+

02

0002
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